Statistical averaging and asynchronous population dynamics as portfolio mechanisms are considered as the most important processes with which biodiversity contributes to ecosystem stability. However, portfolio theories usually regard biodiversity as a fixed property, but overlook the dynamics of biodiversity altered by other ecosystem components. Here, we proposed a new mechanistic food chain model with nutrientdiversity feedback to investigate how dynamics of phytoplankton species diversity determines ecosystem stability. Our model focuses on nutrient, community biomass of phytoplankton and zooplankton, and phytoplankton species richness. The model assumes diversity effects of phytoplankton on trophic interaction strength along plankton food chain: phytoplankton diversity influences nutrient uptake by phytoplankton and zooplankton grazing on phytoplankton, which subsequently affects nutrient level and community biomass of phytoplankton and zooplankton. The nutrient level in turn affects phytoplankton diversity. These processes collectively form feedbacks between phytoplankton diversity and dynamics of plankton and nutrient.
out that the diversity-mediated feedbacks are the consequence of bidirectional interactions between diversity and environments factors (e.g., resources). Firstly, the diversity of primary producers promotes the efficiency of resource consumption, e.g., high phytoplankton diversity promotes the efficiency of nutrient uptake. Secondly, nutrient dynamics as results of phytoplankton consumptions can feedback to the diversity (Chang et al. under review) because nutrient availability is a key determinant of species coexistence (Hsu et al. 1977; Tilman 1982; Interlandi & Kilham 2001) . In fact, previous studies have indicated a unimodal relationship between nutrient availability and plant diversity (Schmid 2002a; Miki 2008 ) (nutrient-diversity feedback, hereafter). Actually, existence of feedbacks has been shown affecting stability in a variety of dynamical systems (Charlson et al. 1987; Miki et al. 2010) ; however, the effects of diversity-mediated feedbacks on stability of ecosystem dynamics is still overlooked in most of current biodiversity theories.
Here, we propose a new mechanism of diversity effect on stability as ecosystemlevel stabilizing effect, with which multitrophic BDEF and nutrient-diversity feedback interactively determine ecosystem stability. We hypothesize that these two factors are interdependent because 1) multitrophic BDEF regulates ecosystem stability via altering interaction strengths along food chain, and 2) alters nutrient level, in turn, affecting biodiversity via nutrient-diversity feedback, which reinforces or buffers the stabilizing/destabilizing mechanism. Multitrophic BDEF and nutrient-diversity feedback as well as portfolio mechanisms might emerge from population dynamics of interacting multiple species (Duffy et al. 2007; Hautier et al. 2009; Thibaut & Connolly 2013) . However, to test the hypothesis of the ecosystem-level stabilizing effects independently of portfolio effects at population level, we propose a novel theoretical model that does not consider multispecies population dynamics. Our model represents a plankton system, in which species diversity shows clear fluctuations because of rapid turnovers in plankton communities (Tsai et al. 2014) . In this mathematical model, a dynamical modelling of phytoplankton species richness based on island biogeography theory (IBT) (25, 26) , without considering population dynamics of multiple phytoplankton species, is combined to a model of mechanistic plankton food chain.
This model has the minimal complexity to include mutual feedbacks between biodiversity, ecosystem functioning, and local environments. First, as a mechanism of multitrophic BDEF, phytoplankton diversity regulates strengths of multitrophic interactions through adjusting the efficiency of resource consumptions. More specifically, phytoplankton nutrient uptake rate and zooplankton ingestion rate on phytoplankton are functions of phytoplankton diversity. Second, phytoplankton diversity, instead of being a fixed parameter, is modelled as a state variable driven by nutrient dependent extinction, representing nutrient-diversity feedback (Kassen et al. 2000; Worm et al. 2002) . Based on this model, we aim to examine how diversity influences temporal stability of ecosystems through multitrophic BDEF and nutrientdiversity feedback.
Model
We develop a novel model combining simple plankton food chain and dynamical modelling of species richness. This model includes four state variables, nutrient (N), phytoplankton species richness (R), phytoplankton biomass (C), and zooplankton biomass (Z). The model framework includes three main parts (Fig. 1A. ), 1) multitrophic plankton food chain between N, C, and Z, i.e., NPZ model (Franks 2002), 2) phytoplankton diversity and its effects on nutrient consumption and zooplankton ingestion, and 3) nutrient feedback affecting on phytoplankton diversity. The linkages among these parts forms a mutual feedback between phytoplankton species richness and the plankton food chain (Fig. 1) . On the one hand, phytoplankton diversity influences plankton food chain through changing the efficiency of i) nutrient uptake by phytoplankton and ii) phytoplankton ingestion by zooplankton. Both effects are modelled by power-law functions of phytoplankton species richness as suggested in the previous study (Reich et al. 2012) , where the power-law exponents denoted as bN and bZ, respectively, are used to quantify the strength of multitrophic BDEF relationship (Table 1) . On the other hand, phytoplankton species richness is modelled as a dynamical state variable instead of fixed ecosystem property. This dynamical modelling of species diversity is an extension of IBT (MacArthur & Wilson 1967) to local communities considering the balance between self-regulatory immigration and nutrient dependent extinction processes (Fig. 1B) . The dependency of extinction rate on nutrient, θ, is used to determine the strength of nutrient-diversity feedback on species diversity (see Methods). Finally, we examine how varying strengths of nutrient-diversity feedback (θ) as well as multitrophic BDEF (bN and bZ) influences the temporal variability of dynamical systems. Details on quantification of stability are presented in Methods.
Results
First, we examined the effect of multitrophic BDEF, i.e., the strength of phytoplankton diversity effects on nutrient uptake (bN) and zooplankton ingestion (bZ), on temporal stability (measured as CV of phytoplankton biomass) of the model plankton system with mild strength of nutrient-diversity feedback (θ=100 ; grey coloured regions in Fig. 2 ) under very high bZ. Concerning the bN effects, the proportion of parameter sets leading to fluctuating dynamics or extinction conditionally decreased with increasing bN (Fig. 3A) until all parameter sets reached stable equilibria when bN >0.6. Besides, increase of bN also leads to decrease of the maximal CV (Fig. 3B ). For the bZ effects, the plankton system stayed in stable equilibrium when bZ-<-0.15 (Figs.
2 and 3C). When further increasing bZ, there were more and more parameter sets leading to fluctuating dynamics until bZ≥0.2, with which some systems started to go extinct because of over-fluctuation. As a consequence, the maximal CV exhibited a unimodal pattern with the peak at bZ=0.21 (Fig. 3D ). The influences of varying bZ and bN on the averaged nutrient concentration, zooplankton biomass, and phytoplankton diversity and biomass are presented in supplemental materials (Fig. S2 ).
Second, we found that strength of nutrient-diversity feedback influenced the stability of plankton systems in multifaceted ways. Comparing with the basal model without the nutrient-diversity feedback (i.e., θ=0; Fig. S3 ), the models with the feedback (θ>0) have higher proportion of parameter sets leading to fluctuating dynamics ( Fig. 4A) , except for the systems with relatively weak feedbacks (θ≤50).
Furthermore, models with strong feedback strength (θ>250) exhibit greater volatility (i.e., larger maximal CV of phytoplankton biomass) than the base model (θ>0); however, models with moderate feedback strength (25<θ<250) exhibit lower maximal CV than the base model (Fig. 4B) . These results indicate that the existence of feedback although breaks the equilibrium maintained at high bN, it makes the plankton systems less volatile, at least under moderate feedback strength ( Fig. 4B and S4 ). Moreover, when strengthening the nutrient-diversity feedback, the proportion of extinction events monotonically decreases (Fig. 4A ). This reduction of extinction risk is more significant when phytoplankton diversity effects on nutrient are weaker (i.e., small bN; Fig. S4C) or when phytoplankton diversity effects on zooplankton ingestion are stronger (i.e., large bZ; Fig. S4G ).
Discussion
Our theory, for the first time, demonstrates that the stabilizing/destabilizing effects of diversity through multitrophic BDEF in dynamical ecosystems. Ecosystems are more stable when bN becomes more positive, implying that a stronger positive relationship between diversity and nutrient uptake rate helps stabilize the dynamical system. In contrast, ecosystems are more stable when bZ is more negative, i.e., phytoplankton diversity act as a defence mechanism to resist zooplankton ingestion, perhaps due to proliferations of resistant species (Duffy et al. 2007) or dilution of suitable species to specialist consumers (Keesing et al. 2010) . However, ecosystems are less stable when bZ is more positive, i.e., phytoplankton diversity acts as a balance diet mechanism to facilitate zooplankton ingestion (Duffy et al. 2007) . Indeed, balance diet mechanism often leads to strong phytoplankton-zooplankton interaction which has been shown unstable (McCann et al. 1998) . Thus, our model results indicate when the strength of trophic interactions is weakened by defence mechanisms of phytoplankton, phytoplankton diversity exhibits stabilizing effects. As defence mechanisms of resources are common in natural systems (Agrawal 2011), this stabilizing effect through multitrophic BDEF might be prevalent (Hillebrand & Cardinale 2004; García-Comas et al. 2016) . However, for this stabilizing effect to operate, nutrient feedback on diversity is needed in order to alleviate the negative impacts caused by strong phytoplankton defenses that otherwise causes zooplankton extinction (Fig. S4 ). In contrast, when the diversity effect is strengthened by the balance diet mechanism, phytoplankton diversity has destabilizing effects. In summary, our results indicate that the multitrophic BDEF acting in a top-down direction (e.g., phytoplankton diversity effects on nutrient, bN, in our case) are generally a stabilizing mechanism; while, the multitrophic BDEF acting in a bottom-up direction (e.g., phytoplankton diversity effects on zooplankton ingestion, bZ, in our case), could be either a stabilizing or destabilizing mechanism depending on the sign of diversity effects (negative or positive, respectively).
Effects of nutrient-diversity feedback (θ) on ecosystem stability are multifaceted ( (Fig. S4A , B, E, and F), nutrient-diversity feedback also provides regulatory effects on ecosystem stability and prevents the system collapse caused by plankton extinctions (Fig. 4 and S5 ). This is because the feedback-induced variability in species richness is beneficial to buffering against destabilizing ecosystem dynamics. Specifically, we found that ecosystems are destabilized when zooplanktonphytoplankton interactions become too strong in the period of Z overgrowth (Fig. S5 ).
However, this destabilization in our model system was soon alleviated when phytoplankton species diversity decreased, which weakens the destabilizing interactions through reducing zooplankton ingestion, and eventually attenuates the zooplankton overgrowth. In the opposite situation ( Fig. S5 ), when Z was vulnerable to extinction, we found that increasing phytoplankton species richness improved zooplankton ingestion efficiency, and thus reduced extinction risk of zooplankton. In is more significant especially when the system lacks stabilizing factors (e.g., weak phytoplankton diversity effects on nutrient bN), or when the system includes strong destabilizing factors (e.g., strong positive phytoplankton diversity effects on zooplankton ingestion bN).
In addition to inducing the regulatory dynamics of diversity, the nutrient-diversity feedback can also affect ecosystems stability by other minor stabilizing mechanisms, including overyielding of phytoplankton biomass and undermining of the negative diversity effects. Firstly, the improvement of overyielding is shown in the relationships between diversity and biomass-the relationships become more positive with increasing strength of the feedback (Figs. S6) . Although the improvement is generally minor, the increase of biomass directly contributes to enhance ecosystem stability by decreasing the magnitude of CV (Thibaut & Connolly 2013) . Secondly, when the feedback exists, there is a substantial reduction in average phytoplankton diversity when decreasing bZ (Fig. S2B ). The reduction of average phytoplankton diversity can avoid the extinctions caused by too strong negative effects of phytoplankton diversity on zooplankton ingestion (bZ≤-0.44 in Fig. S4G and H) which strongly suppresses the efficiency of ingestion, and eventually makes zooplankton not self-sustained.
Our dynamical modelling based on extended of IBT reveals a novel stabilizing mechanism of biodiversity operating at ecosystem-level. To the best of our knowledge, this is the first time that IBT has been used to elaborate biodiversity effects on ecosystem functioning and ecosystem level processes, such as nutrient cycling and trophic interactions (MacArthur & Wilson 1967) . Based on the extension of IBT, we also integrate two relevant but theoretically loosely connected ideas, biodiversity effects on ecosystem functioning (BDEF) and biodiversity effects on stability, which were considered to be from distinct mechanisms (e.g., niche complementary (Loreau 1998) and portfolio effects (Tilman et al. 2014) , respectively).
In particular, we demonstrate how ecosystem stability can be affected by strength of multitrophic BDEF which is in turn regulated by the nutrient-diversity feedback in dynamical ecosystems.
In addition, the proposed ecosystem-level stabilizing effects also support previous empirical findings that ecosystem stability are statistically associated with the strength of biodiversity effects on ecosystem functioning (BDEF) (Chang et al. under review) .
Therefore, our theoretical dynamical modelling based on extended IBT successfully reveals the connections between biodiversity effects on ecosystem functioning and ecosystem stability, presents high compatibility to empirical findings, and thus sheds light on future biodiversity studies under the frameworks of dynamical ecosystems.
Methods

Mathematical model
Our theoretical model includes three main parts (Fig. 1A. Besides, we include a quadratic term in phytoplankton biomass growth (Table 1 ; eqn.
3) to specify the growth suppression caused by light shading or the other self-regulatory controls in addition to nutrient competition.
The second part of the model elaborates diversity effects on resource consumptions. Resource consumptions, including nutrient uptakes by phytoplankton and phytoplankton ingestions by zooplankton, are both modelled by Holling type II response functions. The efficiency of consumptions is modelled by power-law functions of phytoplankton diversity (Reich et al. 2012) , where the strength of diversity effect depends on the value of the power-law exponent denoted as bN and bZ, for the diversity effects on nutrient uptake and zooplankton ingestions, respectively. The larger power-law exponent indicates a higher sensitivity of resource consumption relative to diversity changes, i.e., stronger diversity effects. When the power-law exponent is equal to zero, the resource consumption is reduced to simple Holling type II response function independent of diversity. In this study, we numerically solve the model covering a wide range of diversity effects. For the diversity effects on nutrient uptake (bN in Table 2 ), we consider only the positive, facilitative effects as suggested in most of experimental studies (Hector et al. 1999; Tilman et al. 2014 ) (bN ≧ 0), where the increase of phytoplankton species richness improves the efficiency of nutrient uptake. For the diversity effects on zooplankton ingestion (bZ in Table 2 ), we consider both positive (bZ >0) and negative (bZ <0) diversity effects, because there is no consensus about which effect is stronger in natural systems. The negative diversity effect may be caused by the defences of phytoplankton to zooplankton grazing (García-Comas et al. 2016) and the positive diversity effect may be caused by balance diet to facilitate zooplankton growth (Duffy et al. 2007 ).
The third part of the model is a modification of IBT dynamical modelling species diversity driven by the balance between immigration and nutrient feedback.
First, the rate of immigration is modelled as a linear decreasing function of species richness since a community with higher species richness is less likely to allow further immigration of other species (MacArthur & Wilson 1967) . Second, the extinction rate is modelled as an increasing function of species richness. However, the extent of increasing extinction rate (i.e., the extinction coefficient, EX (N) defined as the eqn. 2
in Table 1 and Fig. 1C ) depends on nutrient concentration, and is modelled by a parabolic concave-up function of nutrient (formula 2 in Table 1 ). This parabolic concave-up function arises because the extinction risk is higher when nutrient is too low to support many species (Rosenzweig 1995), or when nutrient is so high that facilitates the competition exclusion of minor species by dominant species (Isbell et al. 2013) . As a consequence, the equilibrium of species richness (the black dots in Fig. 1B) calculated from the eqn. 1 in Table 1 
Numerical analysis of theoretical dynamical modelling
We numerically solved the ODE model under a wide range of parameter sets (bN, bZ, θ) , to investigate the influence of diversity effects on the plankton system. We solved the ODE model under 100*100 sets of parameter combinations (bN, bZ) within the ranges, 0 ≦ bN ≦ 1.0 and -0.5 ≦ bZ≦ 1.0, respectively. We repeated the numerical calculations of the 100*100 parameters sets and varied the strength of nutrient feedback on diversity (θ=0, 25, 50, 75, 100, 125, 150, 175, 200, 250, 300, 350, 400, and 450) .
We collect the time series from the final 10 years from the 110 years' numerical calculations (numerically solved by 4th-order Runge-Kutta algorithm with a fixed step=0.01 day). For each numerical solving step, we set an extinction threshold equal to 10 -10 . Any value of state variables dropped below this threshold will be automatically forced to be zero, which terminates the numerical solution and is counted as an extinction event. Based on our model framework, the temporal variability as a consequence of chaotic or torus dynamics can be observed under many parameters sets.
Thus, we quantify the temporal variability as the coefficient of variation (CV) estimated from the derived time series. We also set the detection limit for the variability as CV≥ 10 -10 ; otherwise, the system is thought to reach equilibrium state when CV<10 -10
Quantification of temporal variability in ecosystem dynamics
Responses of temporal variability to various strength of diversity effects on nutrient uptake bN and zooplankton ingestion bZ, and strength of nutrient feedback on diversity θ, are examined. Table 2 . Warmer colours represent higher CV for a given parameter set (bN, bZ); blue colour represents CV< the detection limit, 10 -10 (i.e., stable equilibrium); grey colour represents extinction (any state variable dropped below the extinction threshold). 
= (immigration rate) -(extinction rate with extinction coefficients,
Phytoplankton biomass (C):
= (biomass growth from nutrient uptake) -(biomass reduction due to zooplankton ingestion)
= (The nutrient in/out flux caused by system turnover) -(nutrient uptake of phytoplankton)
Zooplankton biomass (Z): Here, all the results are computed based on the default parameter setting (Table 2) , 32 which is exactly the same as that used in Fig. 2 . Warmer colours represent higher CV 33 measured under a given parameter set (bN, bZ); blue colour represents CV < detection 34 limit, 10 -10 (i.e., stable equilibrium); grey colour represents that extinction happened
35
(any state variable dropped below the extinction threshold). Here, all the results are computed based on the default parameter setting (Fig. 2) biomass to a low level in most of the time (Fig. S2A) . Interestingly, the top-down 
